The effect of water content on the electrorheological effect (ERE) behaviour of silica dispersions has been investigated. The types of silica powders were fumed silica, precipitated and acid washed silica and colloidal silica. Silica dispersions with a water content varying in the range 10% -30%, and with conducting ions deliberately added, were redispersed in chlorinated hydrocarbon oil and then the ER behaviour studied. Samples were tested on a static yield rig (SYR), an instrument which can measure both the yield stress and the conductivity. The effects of electric field strength and water content on the ERE were studied. The yield stress initially increased with increase in electric field strength and then decreased at high electric fields suggesting a breakdown in structure of the electrorheological fluid samples tested. It was also found that the ERE increased and electric saturation or electric breakdown shifted to lower electric fields as the water content increased. Higher electric fields caused a drop in the ERE.
Introduction
Electrorheological (ER) fluid is one kind of "smart" colloid material capable of varying viscosity or solidification in response to an applied electric field. It is basically a suspension with polarisable solid particles dispersed a non-conducting fluid or insulating oil and behaves like a Bingham fluid under an applied electric field. The suspending liquid which should have a high resistivity is normally low viscosity hydrocarbon or silicone oil. The particles dispersed in this liquid are commonly metal oxides, alumino silicates, silica, organics or polymers [1] . The change in structure and mechanical properties in the presence of an applied electric field is called the electrorheological effect (ERE) or "Winslow Effect" named after American scholar Willis M. Winslow [2] . When an external field is applied, the dispersed particles are polarized and form chain-like structure. The rheological properties such as apparent viscosity, shear stress, and yield stress are rapidly increased. And when the field is removed, the polarization of the particles disappears and the viscosity quickly returns to its original value. Because of the special and desirable characteristic of the ER fluids, the materials have huge potential for many applications such as dampers, clutches, brakes, robotics and actuators [3] [4] . Because of the diverse applications potential in mechanical elements capable of responding to environmental variationshence the denotation "smart", ER fluids are still attracting great interest in research because their applications are still being hampered by the weakness of the ER effect [5] .
The properties of ER fluids depend on particle size, density, carrier fluid properties and temperature [1] [6] . The effect on the ERE of water content in the silica dispersions was studied. It has been widely known in the field of ER fluid research that the presence of any water in the sample can enhance the ER effect, sometimes dramatically [1] . Three types of silica powders used are colloidal silica, precipitated and acid washed silica and fumed silica [7] .
The term colloidal silica is referred to stable dispersions or sols of discrete particles of amorphous silica. By arbitrary definition, the term excludes solution of polysilicic acid in which the polymer molecules or particles are so small that they are not stable. Silica gel may be described as a coherent, rigid three-dimensional network of contiguous particles of colloidal silica. Silica powder may consist of small granules of silica gel or of coherent aggregates of submicron particles that are linked together in extremely weak networks. Theoretically, a silica powder might consist of separate, discrete silica particles, but when the particles diameter is less than 100 nm, the particles spontaneously adhere together in loose aggregates. It is only when the discrete particles are much larger, that is, 5 -50 microns, that the cohesive forces become so low that the particles do not attract each other and are very "dusty", that is, small enough to form a "smoke" when shaken in air.
Precipitated silica is powder formed when the silica particles are coagulated as loose aggregates in the aqueous medium, recovered, washed and dried. Coagulation may be affected by high salt concentration or other coagulants such as ammonia, water miscible solvents, or certain types of organic materials. When the particles are larger than 5 -10 nm, they may be only weakly joined together and if in an open-packed condition subsequently, they can easily be broken apart and dispersed in oils or rubber. 
Experiment

Preparation of Silica Electrorheological Fluids
Three types of silica powder were dispersed in high-viscosity chlorinated aliphatic hydrocarbon oil commercially called Cereclor 50LV (FCI plc). The silica powders used were supplied by BDH Chemicals and are colloidal silica, precipitated and acid washed silica, and fumed silica. The dried paste was then re-dispersed in Cereclor 50 LV using ultrasonification so that a high concentration of silica was obtained. 20% w/v silica dispersions were prepared. About 1% w/w of surface active agent, commercially called Synperonic NP6 (Dow Chemicals) which is anonyl phenol hexaethoxylate, with respect to Cereclor 50LV was added as the dispersing agent as the silica powders would not disperse without it [9] . Samples, especially those for precipitated and acid washed silica, had to be left in the ultrasonic bath as long as 48 hours. The samples were then tested on the shear yield test rig called Static Yield Rig (Laser Engineering (Development) Ltd.). Figure 1 shows the top and side view of a Static Yield Rig (SYR). The SYR is a small laboratory or workshop rig for measuring both the electrorheology and the conductivity of an ER fluid. In this study, the rig was used to measure the electrorheology only to study the effect of electric field strength and water content.
Static Yield Rig (SYR) and Measurement of Samples
The unit is sufficiently accurate to be able to provide details of the zero shear yield behaviour of the fluids. The zero shear yield stress is defined as the stress at which an ER fluid will fail with an electric field applied under conditions of zero The cantilever arm has a four arm strain gauge bridge. A strain gauge conditioning amplifier provides the necessary bridge supply as well as the compensation and conditioning for the bridge. The bridge supply is adjustable as the zero offset and the gain. This last feature enables different arms to be used and effects such as creep to be studied. 
Results
The results for the silica samples electrorheology are shown in Figures 2-4 . In general, the yield stress increases with increase in applied electric field up to a certain maximum after which "fluctuations" in the yield stress were observed.
The yield stress maximum for a particular type of silica sample increases with increase in water content. Also, the maximum yield stress moves to lower elec- tric fields as the water content increases, a similar effect was observed by Deinega and Vinogradov [10] for the studies of the influence of hydration of disperse phase in hydrocarbon phase on ERE. In their plot of stress versus water content, they observed that as moisture content increased, the ERE increased, reached a maximum and then fell sharply; the maximum grew and moved towards smaller humidity values. The results here also confirm that the more the electric field was applied, the yield stress dropped. The positions of the maxima and shifts due to water content are given in Table 1 . Although estimates were made, it is, however, incorrect to determine and compare the maxima and shifts using electric field values because the curves are non-symmetrical, broad and have fluctua- water content as only two samples were tested for a particular silica powder. So, it follows that it is difficult to conclude which silica powder had its yield stress increased more as a result of the increases in water content. What is conclusive, however, is that increasing water content increases the yield stress or ERE.
Discussion
The application of an electric field to concentrated silica dispersions induces the alignment of dipoles within the particles forming the disperse phase so that the particles possess an induced dipole. This has a number of consequences. In general, the yield stress (ERE) is only weak up to a certain threshold intensity of the electric field. Above this threshold value, the yield stress or ERE raises sharply depending on the water content for a particular type of silica powder. Then there is a tendency to saturation characterized by a number of "fluctuations" in the yield stress in some cases. Finally, the yield stress drops. It is worth noting that not only does the maximum increase with increase in the water content but also moves towards lower electric fields.
Effect of Electric Field on ERE
In hydrocarbon dispersions, the hydrocarbon medium creates favourable conditions for the occurrence of strong electric fields as a result of its low conductance. The thickness of the electric double layer is even larger than in aqueous medium, which is responsible for high deformability [8] [11] [12] . There are several mechanisms for increasing the "electroviscosity" of disperse systems when an external electric field is applied. The "electroviscosity" increase may be related to the orientation of particles, deformation of the electric double layer and the interelectrode oscillation of particles or structural formation. The analysis of individual mechanisms of the ERE shows that the main reason for the considerable increase in the "electroviscosity" of the concentrated disperse systems in an electric field is the structure formation [13] . The interaction of the particles is based on dielectric polarisation, i.e. induction of the dipole moments in the disperse particles.
No ERE was observed for preliminary transient measurements on organophilic silica dispersed in hydrocarbon oil Cereclor 50 LV in the volume fraction range 10% -30% with applied field up to 2.6 kV·mm −1
. There are several reasons which could be advanced but the probable one is that there was no small and finite conductivity in the particle dispersions studied. Several investigators who have studied ERE phenomena report that a small but finite conductivity is required for the ERE to occur in addition to high water content. [17] for the ERE to be observed. Hence, in this study, LiCl ions were added as conducting ions [8] .
The ERE is attributed to the migration of lithium ions to one side within the spherical particles whereas the chloride ions become part of the negative silica particles. Such species give the particles a very high polarisability and this enables large dipole-dipole interactions to form bridges in a reaction perpendicular to the charged particles providing the field, i.e. along the field lines. The dipole-dipole interactions increase as the electric field increases and so the ERE increases too prior to electrical breakdown.
Effect of Water Content on ERE
The water content has been observed to increase the ERE [1] . The changes of the ERE with increasing water content could be associated with the specific features of polarisation of hydrocarbon disperse systems with a hydrated disperse phase in strong electric fields. The addition of water to silica particles with silanol groups proceeds due to formation of hydrogen bonds. However, no less important for the formation of structure bound water is the formation of hydrogen bonds between the added molecules of water. Such interaction results in the formation of chain structures of water on the surface and in pores. The counterions (Li + ) can migrate more [18] . This increases the polarisability of the particles and their interaction and hence increase the structure formation and leads to the growth of the ERE [8] [18]. 
Fluctuations in Yield Stress at the Maximum
Drop in ERE at Higher Electric Fields
Strong electric fields can cause alignment of the spherical particles. On applying the shear stress, the particles could easily "slip away" from each other because of the possible "uniform" alignment of the silica particles. The stronger the electric field, the more the particles are aligned and the easier it becomes for the structure breakdown (i.e. system yielding) [18] . The other possibility is that the systems studied contained water. Higher fields could cause the appearance of free water in the dispersion by some mechanism which is not understood. This could result in the sharp drop of the electrical resistance of the chains. The electrical conductance drops sharply because of the free water that causes water "gaskets"
to form in the places of contact between the particles [1] . Charge exchange between particles lowers the polarisation and could lead to a decrease of the ERE.
Finally, the drop could be due to the weakening of the particle interaction at higher electrical fields by the increased migration of particles.
Conclusion
The silica samples have shown that the water content increases the ERE. Both water content and small but finite conducting ions are important for the ERE to occur. Increasing the water content increases the ERE. There is a tendency to electric saturation or electric breakdown of the silica dispersions and a pronounced shift of the electric saturation to lower electric fields as the water content increases. As observed in this work, there is a possibility that high electric fields may lead to formation of shorter chains, which would lower the values of the shear stress.
